of the photonic modes. This enables retrieval of the effective photonic Hamiltonian, including the effects of a synthetic gauge field, and topological invariants -pseudo-spin Chern numbers. Our results thus open a new avenue to design a new class of metasurfaces with unique scattering characteristics controlled via topological effects. This work also demonstrates how topological states of open systems can be explored via far-field measurements.
Topological phase transitions in two-dimensional (2D) condensed matter systems have attracted an enormous interest [1] [2] [3] [4] crowned by the Nobel Prize in Physics in 2016. With the advent of photonic topological insulators [5] [6] [7] [8] [9] [10] [11] [12] the research domain expanded to include topological phase transitions for light 13, 14 . However, most of the topological photonic systems considered until today have largely ignored the fact that photonic modes can couple to the continuum of free-space modes, and their exploration has been limited to near-field properties. Only recently topological phenomena in photonic systems associated with leaky states have attracted attention in the context of non-Hermitian Floquet systems 15, 16 and non-radiative modes in the continuum 17 .
While the leakage of photonic modes to the free space continuum can be considered as a challenge, as it makes the system non-Hermitian, it may also offer an alternative route to explore the topology of photonic bands with far-field measurements, provided that the radiative decay of the topological modes is controllable and not destructive. This is especially relevant in the context of metasurfaces -ultrathin photonic structures enabling a variety of novel optical devices including flat lenses, and wave-plates to control polarization and angular momentum of optical beams [18] [19] [20] [21] [22] [23] In recent years, it has become a traditional approach to look at the topological properties of photonic systems through the prism of the bulk-boundary correspondence principle 24 , investigating their edge characteristics, including chiral and helical edge states. While this strategy to explore topological properties 6, 9, 25, 26 is quite appealing, due to their distinctive features, backscattering immune propagation in first place, it can divert us from potentially beneficial properties of bulk modes stemming from their topological nature. To explore these ideas, in this Article, we design and fabricate a metasurface that supports radiative photonic modes in the near-infrared spectral range and exhibits a topological transition. As the parameters of the metasurface are tuned, the coupling of topological modes to the radiation continuum enables the observation of a topological transition, which is accompanied by the inversion of bright and dark modes, referred to as band crossing. Angle-resolved spectroscopy allows the direct extraction of spectral positions, intensity and width of the corresponding peaks in the transmittance spectrum. As demonstrated below, these parameters provide valuable information about the nature of the eigenmodes supported by the structure, enabling the univocal retrieval of topological invariants from far-field measurements. Wavenumber, μm pseudo-spins of former valley degrees of freedom. Previous studies suggested that the shrunken structure with a/R > 3 is topologically trivial, whereas the expanded system with a/R < 3 is topologically nontrivial 27 (see also Sup. Mat. Sec. I), which, as shown below, remains true for the case of the open system. The important distinction however is that in the case of the open metasurface the folded modes appear within the light cone and therefore are radiatively coupled to the continuum of free space, which enables their far field characterization 32 .
To perform spectroscopy measurements of metasurfaces with two topologically distinct geometries, we fabricated two sets of samples [ Fig. 1(a,b) ] with the same lattice period a = 750 nm, radius of silicon pillars r = 75 nm and height of the pillars h = 1.0 µm. The sizes of the clusters R shown in Fig. 1(a,b) were chosen to be a/R = 3.15 and a/R = 2.85 for shrunken and expanded structures, respectively. 
where the 2 × 2 matricesĤ ± andK read
Hamiltonian corresponds to the basis choice
where, |p ± = p x ± ip y denote circularly polarized dipolar modes and |d ± = d x 2 −y 2 ± id xy stand for the "circularly polarized" quadrupolar modes, which both originate from TM modes supported by an isolated meta-molecule (the hexamer of 6 dielectric rods).
The four eigenstates of the Hamiltonian Eq. (1) exhibit a pairwise degeneracy at Γ point k = 0 (Sup. Mat. Sec. I, II), with eigenvalues equal to µ (dipolar modes) and −µ (quadrupolar modes).
Topological transition from shrunk to expanded design is characterized by a band inversion for dipolar and quadrupolar eigenstates, accompanied by an inversion of the sign of the mass term µ. The degeneracy is removed for nonzero values of k due to the term ∝ α, which describes the coupling of left-and right-handed circularly polarized modes. However, for the topological invariant calculation, the term proportional to α is inessential and it can be dropped 27 . As a result of this approximation, the Hamiltonian splits into two independent 2 × 2 blocks, and the effective pseudo-spin can be introduced. A straightforward calculation 33 of spin Chern number (Sup. Mat. I)
Thus, to evaluate the topological invariant it is sufficient to extract the mass term µ and the parabolicity of the bands β from the experimentally measured spectra.
Retrieval of topological order through light scattering by the metasurface. The modes of interest are located above the light cone and, for the case of a metasurface of a finite thickness within an open background, they couple to the radiation continuum 32 . As a result, the modes have a finite lifetime, and the corresponding eigenfrequencies become complex valued. Thus, the Si pillars constituting the metasurface effectively act as laterally coupled cavities, and the leaky modes of the structure can be excited by the polarization currents induced at the interface of the metasurface by the incident fields. However, taking into consideration the symmetry of the modes, normally incident light can only couple to the dipolar modes, whereas coupling to the quadrupolar modes is suppressed because of the symmetry mismatch with the incident field. Nonetheless, the quadrupolar modes can be excited indirectly through coupling to dipolar modes at oblique incidence, because of the hybridization of dipolar and quadrupolar modes away from the Γ point.
This mechanism is analogous to the extrinsic coupling to dark modes in Fano-resonant systems caused by symmetry reduction due to the finite value of the in-plane wave vector components. Of special interest are the effects of topological transition on the radiative coupling of the modes to the continuum, which should follow the band inversion described above, giving rise to switching of the bright (dipolar) and dark (quadrupolar) modes thus enabling control over the far-field scattering properties of the metasurface.
To support our claims, the complex dispersion diagrams for both the shrunken and expanded metasurfaces were calculated in Comsol Multiphysics with radiative decay fully considered. The results are shown in Fig. 1(d) , left. Indeed, the dipolar and quadrupolar modes at the Γ point appear to be bright and dark, respectively, as reflected by the radiative quality factors. However, even at oblique incidence the respective modes may have radiative quality factors that differ by orders of magnitude. The numerically calculated reflectance spectra at oblique incidence are shown in Fig. 1(d) , right, and confirm excitation of the two eigenmodes, which manifest as two peaks.
The predominantly dipolar and quadrupolar modes can be easily discriminated by their distinct bandwidth and the amplitude of the corresponding peaks.
To formalize our description in the context of the topological properties of leaky modes, we develop a unified approach utilizing the temporal coupled mode theory (CMT) along with the electromagnetic effective Hamiltonian description. We write the CMT equations for the amplitudes of the right-and left-handed circularly polarized leaky modes coupled to the external source in the following block-diagonal form:
where |ψ ± = (|p ± , |d ± ) T is the "wavefunction" composed of p (dipole) and d (quadrupole) modes of the system. The first term of Eq. (6) describes the evolution of the coupled modes in a closed system, κ describes the coupling strength of the system to the external field Once Eq. (6) is solved, one can obtain expressions for transmission (and reflection) coefficients:
where ψ ± (p) is the first (dipolar) component of the two-component wave function |ψ ± . Since the results are the same for left-and right-handed circular polarizations, from now on we omit the ± subscript. Plugging the Hamiltonian into Eq. (7), we derive the expression for the normalized reflectivitỹ
Equation (8) suggests in particular that two peaks in theR spectrum can be observed due to excitation of dipolar and quadrupolar eigenmodes. Thus, the frequency of the most pronounced peak at incidence close to normal is around f 0 + µ, whereas the frequency of the less intense peak is found around f 0 − µ, where f 0 is the center-of-bandgap frequency.
Overall, there are six parameters in the effective model that control the entire dispersion and topological properties of the far-field response: µ, γ r = κ 2 /2, γ 0 , v and β. The numerical values of parameters comprising the effective Hamiltonian can be obtained by fitting the experimental data. Next, by using the developed technique, we analyze the experimental data for both shrunken (a/R = 3.15) and expanded (a/R = 2.85) structures and extract their topological characteristics.
Results
In our proof-of-concept experiment, the structure was illuminated using the source Ocean Optics HL-2000-LL. The transmission coefficient was measured for both structures by the spectrometer Ocean Optics NIR Quest NQ 512-2.2 in the range of wavelengths from 896 to 2142 nm corresponding to the frequency range (1.40 ÷ 3.35) · 10 14 Hz. The measured transmittance was normalized to the one of a sapphire substrate. Figure 2 shows the color map of the quantityR = 1 − T /T 0 as a function of wavelength and incidence angle for both shrunken and expanded structures.
In the wavelength range from 1.6 µm to 1.9 µm, two peaks are clearly observed. The spectroscopy results for the whole studied spectral range are provided in Sup. Mat. III. In agreement with our numerical calculations, the experimental data shows clearly that the most intense and broad peak for the shrunken structure is the low-frequency one, whereas for the expanded structure the high-frequency peak is more pronounced. Thus, the shrunken structure is clearly characterized by a negative effective mass µ, while the expanded structure is described by a positive effective mass µ. Then we applied the above model to fit the measured data with Eqs. (6)- (8), as detailed in the Sup. Mat. III. The results of the simplest fitting algorithm for two particular angles of incidence, 0 and 16 deg, are illustrated in Fig. 3 for the cases of both shrunken and expanded structures.
The extracted parameters of the effective Hamiltonian are listed in Table 1 . Importantly, these numbers appear to be nearly independent of the fitting algorithm (see Sup. Mat. III). From the measured reflectance spectra, we recover again that the shrunken structure is topologically trivial, since the effective mass µ and parabolicity parameter β have the same sign, yielding zero spin Chern number. On the contrary, the expanded structure appears to be topologically nontrivial, due to the opposite signs of µ and β, yielding a spin Chern number of 1. These results confirm that it is possible to retrieve the topological nature of a metasurface, and the band inversion properties, with far-field measurements in a robust and direct way. 
Conclusion
In this paper, we introduced the concept of topological metasurfaces, and demonstrated that their 
